One hundred and six saccular MCA aneurysms (43, ruptured; 63, unruptured) diagnosed with 3-dimensional rotational angiography were analyzed. The patient-specific geometries were reconstructed from 3-dimensional rotational angiography images. Computational fluid dynamics simulations were performed under pulsatile flow conditions driven from typical blood-flow waveforms of the common carotid artery in normal humans, 3 and the following hemodynamic parameters were calculated: wall shear stress (WSS), normalized WSS (NWSS), Morphological (aneurysm size and aspect ratio) and hemodynamic parameters were compared between ruptured and unruptured aneurysms (see expanded methods in the online only data supplement).
R ecent studies using computational fluid dynamics techniques have demonstrated that hemodynamic features may be key parameters for understanding cerebral aneurysm rupture.
1,2 However, previous computational fluid dynamics studies simultaneously evaluated only a limited number of hemodynamic parameters in a relatively small number of patient-specific geometries, which included different locations of the aneurysm; this may be one reason why some findings are conflicting.
The current study focused on only MCA aneurysms. We used computational fluid dynamics to simultaneously analyze different hemodynamic parameters and determine which parameter independently characterizes the rupture status of MCA aneurysms.
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Gradient oscillatory number was not significantly different between the 2 groups (P=0.180).
Intercorrelations Among Parameters
Intercorrelations between significant parameters with univariate analyses were examined using 
Multivariate Analyses
Because WSS had the lowest P value in the Wilcoxon ranksum test among WSS, NWSS, and WSSG, which were significantly correlated, only WSS was used as a candidate variable. Thus, the aspect ratio, WSS, OSI, and AFI, which were significant with univariate analyses, were considered independent variables (Table 2) . With multivariate logistic regression analyses, only WSS was significantly associated with the rupture status (OR: 0.929; 95% CI: 0.850-0.992; P=0.0227).
From analysis of the receiver-operating characteristic curve for WSS, the area under the curve was 0.723, and the cut-off value was 7.263, with a sensitivity of 0.698 and a specificity of 0.698 ( Figure I in the online-only Data Supplement).
Discussion
This study showed that not only the aspect ratio, but also WSS and some WSS-related hemodynamic parameters, such as NWSS, OSI, WSSG, and AFI, were significantly different between ruptured and unruptured MCA aneurysms. Moreover, the most important finding is the first demonstration that only WSS is an independent factor for characterizing the rupture status of MCA aneurysms.
There are 2 theories explaining the mechanisms of cerebral aneurysm rupture: high-and low-flow theories. 8, 9 Consistent with these theories, previous computational fluid dynamics studies reported different findings regarding the rupture status of cerebral aneurysms. Cebral et al 1 reported that ruptured aneurysms have higher WSS compared with unruptured aneurysms in 210 aneurysms, but they provided no information about the location and size. Xiang et al 2 analyzed 119 aneurysms in various locations and reported that ruptured aneurysms have a lower WSS and higher OSI. Because aneurysm location may affect computational fluid dynamic findings, this study simultaneously determined various hemodynamic parameters only in MCA aneurysms, using a statistically reasonable number of patient-specific geometries. As a result, the results of this study support the low-flow theory. In addition, this study is the first to demonstrate that lower WSSG and lower AFI were significantly correlated with the rupture status of cerebral aneurysms. Previous studies demonstrated that OSI is associated with complex flow, 4 and WSSG is associated with disrupted flow and intimal hyperplasia. 5 In contrast, AFI could detect stagnation zones, and low AFI was found in the location where the aneurysm formed. 6 Therefore, our results suggest that intra-aneurysmal flow stagnation and complex flow may be linked to aneurysm rupture, at least in MCA aneurysms.
This article has several limitations. First, blood was modeled as a Newtonian fluid with a fixed density and viscosity, and vessel wall was considered to be rigid. Although previous computational fluid dynamic studies reported that the assumptions limitedly affected the hemodynamics, 10 it would be worthwhile to examine effects of the assumptions on hemodynamic parameters, especially in patients with smoking, a well-known risk factor for aneurysm rupture. Second, this study did not take aneurysm histology, or physiological and humoral parameters into account. Third, in this study, only WSS distinguished the rupture status of MCA aneurysms in multivariate analyses, but the results cannot be extrapolated to other sites of aneurysms that may have different hemodynamics. Forth, this is a retrospective study that is potentially biased. Lastly, ruptured aneurysms can undergo some structural changes during and after the rupture, which affect the hemodynamics. Thus, the hemodynamic features in a ruptured aneurysm may differ from that of the aneurysm just before the rupture. A large-scale prospective cohort study of unruptured aneurysms should be performed to characterize the hemodynamics of unruptured aneurysms that eventually rupture and those that do not, taking account of many factors, including physiological and humoral parameters that may affect the results. This would be an important step to determine if intraaneurysmal flow dynamics is useful to predict the individual risk of rupture of unruptured aneurysms.
Conclusions
In the largest population examined thus far, this study demonstrated that WSS may be the most reliable indicator for discriminating the rupture status of MCA aneurysms. To confirm whether this finding is a cause, result, or mere epiphenomenon of an aneurysm rupture requires further studies.
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Supplemental Methods
Data Source
From April 2007 to March 2011, one hundred and six MCA aneurysms from 88 patients diagnosed with 3D rotational angiography were analyzed in this study. Of these aneurysms, 43 were ruptured and 63 were unruptured. Patients ranged from 33 to 84 years of age, with a mean age of 63 years. All aneurysms were saccular aneurysms originating at the first major bifurcation of the MCA; saccular aneurysms that formed at other portions of the MCA, fusiform or dissecting aneurysms, and aneurysms associated with cerebral vasospasm were excluded. In patients with SAH and multiple cerebral aneurysms, a ruptured aneurysm was diagnosed by clinical and radiological findings and was confirmed by operative findings.
Image Acquisition
All cerebral angiograms were performed with standard transfemoral approaches. The patient-specific geometries were reconstructed from three-dimensional rotational angiography images (Allura Xper FD20, Philips Medical Systems, Best, the Netherlands). Fast rotational angiography was performed with a 240-degree rotation of the C-arm in 4.4 sec. The exposure was 30 frames/sec, and the flat panel detector was set to 8 inches. The first rotation provided the subtraction mask. The second rotation was performed simultaneously with the administration of contrast material. Twenty-four milliliters of contrast material was injected into the cervical internal carotid artery at 3.5 ml/sec via a selectively positioned catheter.
Morphological variables
For each aneurysm, the neck width and the maximum height of the aneurysmal dome were measured from 3D rotational angiography images and the aspect ratio was determined as the maximum distance of dome/width of the neck of an aneurysm.
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Model Construction
The surface of the arterial lumen was first constructed using a commercially available software package (Magics 13.0; Materialise Japan, Yokohama, Japan). The computational meshes were generated for these models using commercial software (ANSYS ICEM CFD12.1, ANSYS Inc., Canonsburg, PA, USA). The minimum element size was 0.1 mm, with smaller elements in high curvature regions. Three prismatic boundary layers with a total thickness of 0.15 mm covered the vessel wall to locally ensure an accurate definition of the velocity gradient. A straight inlet extension was added to the C5 segment of the internal carotid artery to obtain fully developed laminar flow. On average, computational meshes consisted of 290,000 nodes and 740,000 tetrahedral and prismatic elements.
